Specific inhibitors of serine/threonine protein phosphatases (PPP) such as okadaic acid and cantharidin and mutations of PPP have been used to probe the role of PPP in various processes connected to different types of stress such as pathogens, wounding, cold and drought. [6] [7] [8] [9] [10] [11] However, until the publication of our recent paper on the effects of cantharidin on the entire transcriptome of Arabidopsis, 12 there were no studies demonstrating the full capacity of a PPP inhibitor to impact gene transcription. The microarray experiment described in this paper revealed the breadth of the role of PPP in responses to biotic and abiotic stresses. Arabidopsis response to cantharidin mimicked the response to a pathogen infection. Gene sets, which are recognized as key players in the regulation of the phytohormone signaling pathways, were regulated by PPPs.
Cantharidin Treatments Affect the Jasmonate Biosynthetic Pathway
The JA response is induced by herbivores and various types of necrotrophic pathogens. 4, 13 PPPs are proposed to be involved in the signal transduction pathway of this response. 10, 11 Our microarray analysis by the MIPS FunCat database supported this hypothesis by revealing that 34 cantharidin-affected genes of Arabidopsis belong to wounding-response genes. Fourteen additional genes were directly or indirectly involved in JA biosynthesis: two AOC (allene oxide cyclase), two ACX (acyl-CoA oxidase), and two PEX14 (peroxisome defective 2), seven genes of the JAZ family (jasmonate-ZIM-domain protein), and PDF1.2 (plant defensin 1.2). The pool of affected genes also includes genes (hormone-responsive) which are expressed in the presence of JA and genes that are JA-independent wounding markers ( Table 1) .
In addition, up to 86% of these genes were strongly upregulated by cantharidin at one or more of the time points after treatment ( Fig. 1) . This observation lends additional support to the idea that PPPs might act as a negative regulator of JA signaling.
JA biosynthesis occurs in two cellular compartments: chloroplasts and peroxisomes. Genes encoding lipoxygenase (LOX) and AOC, which are involved in the synthesis of cis-(+)-12-oxophytodienoic acid from α-linolenic acid (C18:3) in the chloroplast, are either up or downregulated at one or more of the time points after cantharidin treatment ( Table 1 ). In the LOX gene family, the upregulated LOX1 (AT1G55020) and LOX3 (AT1G17420) encode lipoxygenase enzymes involved in biosynthesis of oxylipins.
14 LOX3 belongs to 13-lipoxygenases and is responsible for the biosynthesis of JA while LOX1 has 9-lipoxygenase activity, and its role is still unclear. 15 Four AOC homologues encoding AOC1, 2, 3 and 4 were identified in the Arabidopsis genome. 16 Two of them were affected by cantharidin treatment with AOC3 upregulated (2.4-fold at 2 h) and AOC4 downregulated (-1.4-fold at 10 h). The functional role of PPP on the regulation of these AOC genes remains to be elucidated. Recent research on four genes of the JA biosynthetic pathway (LOX2, AOS, AOC2 and OPR3) revealed that, like most JA responsive genes, they are downregulated by SA.
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Regulation of the Expression of JA-responsive Genes
The jasmonate ZIM-domain repressor family (JAZ) consists of 12 members that control the expression of JA-responsive genes by interacting with transcription factors such as AtMYC2. 18, 19 Not all JAZ proteins have empirically confirmed repressor functions Depending on the threat to a plant, different pattern recognition receptors, such as receptor-like kinases, identify the stress and trigger action by appropriate defense response development.
1,2 the plant immunity system primary response to these challenges is rapid accumulation of phytohormones, such as ethylene (Et), salicylic acid (Sa) and jasmonic acid (Ja) and its derivatives. these phytohormones induce further signal transduction and appropriate defenses against biotic threats.
3,4 Phytohormones play crucial roles not only in the initiation of diverse downstream signaling events in plant defense but also in the activation of effective defenses through an essential process called signaling pathway crosstalk, a mechanism involved in transduction signals between two or more distinct, "linear signal transduction pathways simultaneously activated in the same cell."
interactions between these induced defense-signaling pathways are documented as positive and negative crosstalk. 25, 26 Mediators of this extraordinarily complicated network and signal markers which facilitate the identification of the dominating signal pathway are both important aspects of research on crosstalk. Several such genes were affected by cantharidin treatment.
12 For example, gene NPR1 (Nonexpressor of PR genes 1) slightly increased expression at the 2-h time point (1.3) ( Table 1) . NPR1 functions as a sensor of redox status and controls SA and JA signal transduction pathways by negatively regulating SA signaling, and positively modulating the expression of JA-dependent genes during herbivore attack. 25 The situation became even more complicated when Leon-Reyes et al. discovered that NPR1-mediated SA/JA crosstalk is modulated by one more ET factor. 26 Also, the role of NPR1 varies, depending on its cellular localization, nuclear or cytosolic. Two other proteins located in the crosstalk downstream of NPR1 were proposed as SA/JA interaction regulators: glutaredoxin (GRX480) and WRKY70, a transcription factor of SA-dependent genes. The roles of GRX480 were discovered because of its strong interaction with TGA transcription factors. 27 In our experiment, GRX480 was strongly induced by cantharidin (2.4 at 10 h time point and 1.3 at 24 h time point) while the transcript level of WRKY70 decreased (-1.3 at 10 h and -1.2 at 24 h). 12 The role of this transcription factor in regulation of SA-dependent signaling was described in a study where its accumulation caused a decrease of MeJA-dependent PDF1.2 expression. 28 This indirectly agreed with our data: downregulation of WRKY70 and upregulation of PDF1.2. Results presented above might suggest PPPs' critical role in negative regulation of plant defenses, where PPP inhibition prevents the establishment of appropriate crosstalk between signaling pathways. Moreover, cantharidin seems to have major effect on the JA signaling pathway. The most characteristic signal markers (PDF1.2 and VSP) showed strong expression changes ( Table 1 ). The expression of the very commonly used SA signal marker gene PR1 (Pathogenesis Related gene 1), as well as other members of PathogenesisRelated family (such as PR2), were downregulated and only one (PR5) upregulated at the 24 h time point.
12 Taken together, these data suggest that cantharidin treatment might favor both JA-dependent and -independent wound responses. This hypothesis will need additional empirical confirmation.
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No potential conflicts of interest were disclosed. (Chico et al. 2008) . 18 JA accumulation induces JAZ repressor interactions with ubiquitin ligase SCF COI1 and subsequent 26S proteosome degradation. 3, 20, 21 It is worth mentioning that JAZ and ligase SCF COI1 interaction depends on bioactive JA derivatives, particularly JA-isoleucine (JA-Ile) conjugate. 3, 22 The JAZ proteins encoded by JA-responsive genes are involved in control of the JA pathway by negative feedback mechanisms. 18 Their expression takes place within minutes after wounding at both local and systemic levels.
3, 21 Chung et al. observed significant differences in timing of JAZ expression in response to herbivory compared to mechanical wounding. 21 JAZ-response to feeding by the insect Spodoptera exigua was rapid and long lasting, while the response to mechanical wounding was immediate and shortlived. Their experiment elegantly shows how fine tuned the timing of the plant immune system is for different challenges. In our experiment, the expression of up to seven JAZ genes increased after 24 h (Fig. 1 and Table 1 ). Only JAZ1 was upregulated at all time points, and JAZ8 had the highest expression among all induced JAZ genes. In our experiment, the transcription pattern of particular JAZ members was similar to that caused by herbivory feeding.
After 24 h exposure to cantharidin, the expression of JA marker genes such as PDF1.2 and VSP (vegetative storage protein) increased 2.3-and 1.8-fold, respectively ( Table 1) . We observed an upregulation of ATPEP1/PROPEP1 and PEPR1 which encode proteins responsible for amplification of JA-dependent responses. The protein PROPEP1 is a precursor of the elicitor peptide 1 (ATPEP1), and PEPR1 is its receptor.
23 ATPEP1 belongs to the so called Damage Associated Molecular Patterns (DAMPS), and its presence induces PDF1.2 expression. 23 Also, exogenous SA or induction of SA-dependent responses causes downregulation of PDF1.2 and VSP2 genes. 24 Interestingly, Rojo et al. 11 showed that the protein phosphatase inhibitor okadaic acid does not induce VSP gene expression, while JA and wounding do. Although genes JR1 (jacalin lectin family protein), WR3 (wound responsive gene 3), and ATCK (choline kinase) were regulated in the same way in our and Rojo's experiments, the expression of both WR3 and ATCK is wounding but not JA-dependent.
Crosstalk of Signaling Pathways in Response to Cantharidin Treatments
Plants activate a response system upon pathogen or insect attack by producing phytohormonal signals such as SA, JA and ET. The 
